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Abstract
The yttrium calcium oxyborate crystal (YCa 4 O(BO 3 ) 3 , YCOB) has been actively studied for hightemperature piezoelectric sensing applications. In this work, the stability of electric properties of YCOB
crystal annealed in critical conditions (high-temperatures of 900-1100 °C with a low oxygen partial
pressure of 4 x 10 −6 atm for 24 h) was investigated and the recovery mechanism for the electrical
resisitivity, dielectric permittivity and dielectric loss were studied, taking advantage of the X-ray
photoelectron spectra and the first principle calculations. The electrical resistivity of the annealed YCOB
crystal was slightly decreased when compared to the pristine counterpart, being (2-5) x 10 7 Ω cm at 850
°C. The dielectric permittivity and dielectric loss were found to increase after annealing, showing
recoverable behaviours after thermal treatment above 650 °C in air. The calculated vacancy formation
energy indicate that the oxygen vacancy is the dominant defects in YCOB. The formation of oxygen
vacancy weakens the chemical bonding strength between B (Ca or Y) and O atoms, introduces extra
donor levels in the band gap, which excites the electrons to conduction band more easily thus enhances
the electrical conductivity and dielectric loss. The recovered electrical properties are believed to be
associated with the reduced vacancy defects at elevated temperatures in air.
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The yttrium calcium oxyborate crystal (YCa4O(BO3)3, YCOB) has been actively studied for hightemperature piezoelectric sensing applications. In this work, the stability of electric properties of
YCOB crystal annealed in critical conditions (high-temperatures of 900e1100  C with a low oxygen
partial pressure of 4  106 atm for 24 h) was investigated and the recovery mechanism for the electrical
resisitivity, dielectric permittivity and dielectric loss were studied, taking advantage of the X-ray
photoelectron spectra and the ﬁrst principle calculations. The electrical resistivity of the annealed YCOB
crystal was slightly decreased when compared to the pristine counterpart, being (2e5)  107 U$cm at
850  C. The dielectric permittivity and dielectric loss were found to increase after annealing, showing
recoverable behaviours after thermal treatment above 650  C in air. The calculated vacancy formation
energy indicates that the oxygen vacancy is the dominant defects in YCOB. The formation of oxygen
vacancy weakens the chemical bonding strength between B (Ca or Y) and O atoms, introduces extra
donor levels in the band gap, which excites the electrons to conduction band more easily thus enhances
the electrical conductivity and dielectric loss. The recovered electrical properties are believed to be
associated with the reduced vacancy defects at elevated temperatures in air.
© 2019 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The aerospace, automotive and power plants industries have
expressed particular interests in high-temperature piezoelectric
sensors for structure health monitoring (SHM) over a broad temperature range. Such kind of sensors are usually required to possess
the merits of high durability and stability in critical environment,
such as high temperatures, low pO2, vacuum, in addition to high
sensitivity [1].
For practical piezoelectric sensing at high temperatures
(>800oC), the durability and stability of the piezoelectric devices
are impacted by the intrinsic electrical properties of piezoelectric
materials, which can affect the stability of their electro-elastic
properties, thus determines the usages temperature range of
piezoelectric sensors. Particularly for sensors based on direct
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piezoelectric effect, such as piezoelectric vibration sensor and
accelerometer etc., one of the basic requirements is the RC time
constant (Equation (1), where R is electrical resistance and C is
capacitance of the device). It is known that the time of the piezoelectric charge maintained in a sensor is proportional to the RC time
constant [2,3]. The minimum useful frequency of a piezoelectric
sensor, which is known as the lower limiting frequency (fLL), is
inversely proportional to the RC time constant [1]. If the operational
frequency is lower than the fLL value of the sensor, the produced
piezoelectric charge will drain off as leakage current before it can be
detected. In addition, the high temperature environment is generally accompanied by other challenges, such as vacuum, low pO2,
radiation hard, and corrosion etc. [4]. These harsh environments
could affect the durability of electro-elastic properties of high
temperature piezoelectric crystals [5,6]. Especially the combination
of high temperature and low pressure/low pO2 will induce oxygen
vacancies in the oxide crystal, which will contribute to the conductivity and reduce the electrical resistivity.

fLL ¼

1
2pRC

(1)

https://doi.org/10.1016/j.jmat.2019.02.007
2352-8478/© 2019 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Of all the high-temperature piezoelectric materials, the GaPO4,
langasite (LGS), AlN and YCOB single crystals have been extensively
studied [7e26] The trigonal GaPO4 crystal was found to exhibit high
electrical resistivity (107 U$cm @ 800  C) and high stability of mechanical and piezoelectric properties up to the a-b phase transition
near 970  C. However, the performance would be decreased due to
the increase of structural disorder at temperatures above 700  C
[1,10,11]. The LGS crystal was reported to possess the same crystal
symmetry as GaPO4 and showed no phase transition prior to its
melting point (~1470  C), however, the sensing performance would
be restricted by its low electrical resistivity at high-temperatures
(<105 U$cm @ 800  C), resulted from the ionic conductivity
[15e18]. The hexagonal AlN crystal grown by physical vapor
transport method was reported to show high electrical resistivity
(1011 U$cm @ 800  C) and good temperature stability of piezoelectric activity up to 1000  C. Similar to AlN crystal, the monoclinic
YCOB crystal shows outstanding electro-elastic properties and
electrical resistivity [19e21]. The effective piezoelectric coefﬁcient
d33 was found to be 6e7 pCN-1 at room temperature, slightly higher
than the LGS, GaPO4 and AlN crystals. Besides, the resistivity along
the physical Y axis was reported to be 108 U$cm at 800  C, one order
higher than the GaPO4 crystal and more than two orders higher
than LGS crystal [1]. The RC time constant for YCOB crystal was
obtained to be on the order of 0.2 ms, one to two orders of
magnitude higher than LGS and GaPO4 crystals [22]. Based on the
YCOB crystal, different prototypes of piezoelectric sensors were
fabricated with reliable sensing signal around 1100  C [19, 23e26].
Nevertheless, the successful fabrication of YCOB based piezoelectric sensors at high temperature, the stability and reliability of
the electrical properties under combined critical environments
(high-temperature and low pO2, or vacuum), however, are very
limited [5]. In this report, the temperature stabilities of the electric
resistivity and dielectric properties of YCOB crystals annealed at
temperatures of 900e1100  C combined with a low oxygen partial
pressure of 4  106 atm were studied, moreover, the inﬂuence
mechanism was discussed.

2. Structure of YCOB crystal
The YCOB crystal and its isomorphs belong to monoclinic crystal
symmetry with Cm space group. The structure of ReCOB crystal has
been descripted in details [27,28]. In YCOB crystal, there are two
types of Ca-O polyhedra, one type Y-O polyhedron and two types BO triangle planes with six kinds of oxygen sites (O1, O2, O3, O4, O5,
and O6), as shown in Fig. 1. The average bond length for Ca1-O was
calculated to be 2.34369 Å, higher than that in Ca2-O polyhedron
(2.33792 Å) [29].
3. Experimental and calculation sections
3.1. Evaluation of electrical resistivity and dielectric properties
High quality YCOB crystals were grown by using the Czochralski pulling method [10e12] along the <010> direction,
which was parallel to the crystallographic b-axis. The starting
materials were high purity (99.99%) Y2O3, CaCO3 and H3BO3
powders. The powders were weighted in stoichiometric ratio
with an excess of 1~2wt% H3BO3. Polycrystalline YCOB compounds synthesized by solid state reaction method were used for
single crystal growth. The pulling and rotation speeds were
controlled to be 0.45 mm/h and 16~20 rpm, respectively during
the single crystal growth process. The grown YCOB crystal was
oriented and sliced into Y-cut samples with dimension of 10(X)
10(Z)1.2(Y) mm3. These crystal samples were annealed at
critical conditions (900e1100  C and a low oxygen partial pressure of 4  106 atm for 24 h) to study the stability of electrical
resistivity and relative dielectric permittivity. The main facets
perpendicular to the physical Y axis were sputtered with 200 nm
platinum ﬁlms using a sputter coater (BAL-TEC, SCD 050). The
electrical resistance of the surface electrodes was measured to be
<5U. For comparison, the annealed samples were further thermal
treated in air for 0e180 min at 650  C. The electrical resistance R
(R ¼ U/I) was obtained by measuring the current of the Y-cut

Fig. 1. Bond lengths and the polyhedron models of YCOB crystal. (a) Ca1-O polyhedron; (b) Ca2-O polyhedron; (c) Y-O polyhedron; (d) B2-O triangle and (e) B1-O triangle.
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sample under 100 V using a source meter (Keithley 2410C) in the
temperature range of 650e850  C. The electrical resistivity was
evaluated using Equation (2), where r, U, I, A, and t are the
electrical resistivity, applied voltage, measured current, area and
thickness of the YCOB sample, respectively. The capacitance and
dielectric loss at different frequencies were recorded by using a
multi-frequency LCR meter (Agilent 4263B). The relative dielectric permittivity was evaluated by Equation (3), where C and ε0
represent the capacitance of the crystal sample and dielectric
permittivity in vacuum, respectively.

r¼

UA
It

ε22 =ε0 ¼

(2)
Ct
Aε0

(3)
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atoms. We could get the yttrium vacancy (VY), calcium vacancy
(VCa), and boron vacancy (VB) models following the same way. The
vacancy formation energy could be evaluated using the following
Equation [36],

EV ¼ ED þ mi  Ep

(4)

where ED and Ep are the total energies of the supercells with and
free of a vacancy defect, ui corresponds to the chemical potential of
the corresponding atoms. The chemical potentials of B, Ca, and Y
atoms were calculated by using their corresponding elemental
phases, i.e., B (Rhombohedral: 3m), Ca (Cubic: m3m), Y (Hexagonal:
6=mmm). Furthermore, we utilized an O2 molecular as our model
structure with a dimension of 10  10  10 Å3, in which the
chemical potential of oxygen atom was set to be half total energy of
the O2.
4. Experimental results and discussion

3.2. Raman study

4.1. Variations of electrical resistivity and dielectric properties
3

YCOB crystal samples with dimension of 5  5  1 mm (Y-cut)
were prepared and polished for Raman spectra characterization at
room temperature. Raman tests for the pristine and annealed YCOB
crystal samples were conducted on a confocal Raman spectroscopy
(LabRAM HR800) in a back scattering conﬁguration using a 532 nm
excitation laser. The Raman spectra with precision of ~1 cm1 was
collected from 100 cm1 to 700 cm1.
3.3. XPS analysis
The X-ray photoelectron spectra (XPS) were performed on an Xray photoelectron spectrometer (Thermo-Fisher ESCALAB 250) by
mono-chromatized Al K X-ray radiation in ultrahigh vacuum of
<107 Pa. The binding energies were calibrated via the C 1s peak
(284.6 eV) of carbon impurities as a reference and the peaks were
de-convoluted after subtracting the background with a mixed
Gaussian-Lorentzian function. The results were analyzed by using
the Advantage software.

The temperature dependent behaviors of the electrical resistivity for the pristine and annealed YCOB samples were investigated. Results are given in Fig. 2. It was found that the electrical
resistivity r22 of all the YCOB samples decreased with increasing
annealing temperatures. The electrical resistivity of the pristine
YCOB crystal at 850  C is 5.0  107 U$cm, slightly decreased to
2.0  107 U$cm after annealing at 1100  C (under a low oxygen
partial pressure of 4  106 atm for 24 h). Interestingly, the resistivity of the annealed crystal was found to show an increase after
thermal treatment at 800oC in air (marked as 800oC* in Fig. 2),
being on the order of 3107 U$cm at 850oC). The activation energy
was calculated via the Arrhenius law (Equation (5)), where r, A, Ea,
K, and T represent the electrical resistivity, pre-exponential factor,
activation energy, the molar gas constant and absolute temperature, respectively.

r ¼ AeEa =KT

(5)

3.4. First-principle calculations
The theoretical calculations were performed by employing
Vienna ab initio Simulation Package [30,31] implementation of
density functional theory (DFT) combining with the projectoraugmented-wave (PAW) formalism [32]. The O 2s22p4, B 2s22p1,
Y 4d15s2, and Ca 4s2 states were treated as the valence electrons.
In the calculations, the electronic wave functions were expanded
in plane waves up to a cutoff energy of 300 eV. Particularly, the
local-density approximation (LDA) with the Ceperley-Alder and
Perdew and Zunger forms were used to describe the exchange and
correlation potential [33,34]. All the atomic positions, lattice parameters and properties were calculated by LDA. The force
convergence criterion was 0.01 eV/Å. The Monkhorst-Pack [35] kpoint meshes were employed to sample the Brillouin zones for all
the calculations, where 3  2  6 Monkhorst-Pack k-point was
used in this work based on the convergence meshes. The optimized lattice parameters for YCOB in this study are a ¼ 7.99 Å,
b ¼ 15.90 Å and c ¼ 3.47 Å with the variation of 1.00%, 0.69% and
1.70% respectively as compared to the experimental measured
values (a¼8.07, b¼16.01, and c¼3.53 Å, referred from PDF#500403), indicating that the calculation parameters used here are
reasonable.
The oxygen vacancy (VO) model was constructed by removing
one O atom from a monoclinic YCOB unit cell that contains 36

Fig. 2. The temperature dependence of electrical resistivity for the pristine, annealed
(900  C and 1100  C under a low oxygen partial pressure of 4  106 atm for 24 h) and
thermal treated (800  C in air, marked as 800  C*) YCOB crystals.
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It was obtained that the activation energy decreased with
increasing annealing temperature. The activation energy for YCOB
crystal annealed at 1100  C was calculated to be 1.31 eV, slightly
lower than that of the pristine YCOB sample (1.57 eV). Notably, the
activation energy of the thermal treated crystal is 1.42eV, higher
than the annealed samples but lower than that of pristine crystal.
The activation energy of the YCOB crystal was assumed to be
associated with the oxygen vacancy (one type of long-range defect)
[37] and the decreased chemical bonding strength in YCOB crystal
(M-O bond, M represents the atoms Y, Ca and B), induced by
annealing under critical conditions.
The frequency dependent behaviors of the relative dielectric
permittivity and dielectric loss tand22 for the pristine and
annealed Y-cut YCOB crystal samples (at 1100  C and a low oxygen
partial pressure of 4  106 atm for 24 h) with different thermal
treatment times (650  C in air for 0-180min) were studied. Results
are presented in Figs. 3 and 4. It was found that the relative
dielectric permittivity of the annealed YCOB crystal was 15.3,
higher than that of the pristine samples, being 14.0 at 1 kHz. The
dielectric permittivities decrease with extending of the thermal
treatment time in air (0e180 min), as shown in Fig. 3. It is interesting to note that the dielectric permittivity of the annealed
sample after thermal treatment at 650  C for 180 min approaches
to that of the pristine sample at the same temperature. The
dielectric permittivity of the pristine YCOB crystal suffering from
annealing under combined challenge conditions can be recovered
after thermal treatment in air. Similar trend was also obtained for
the dielectric loss tand22, as shown in Fig. 4. Experimental results
further reveal that the recovery time of the annealed YCOB crystal
at temperatures over 650 C could be shortened, being less than
180 min.

Fig. 4. The frequency dependent behaviour of dielectric loss for the annealed YCOB
crystal sample with different thermal treatment times in air (the abnormal peaks over
the range of 400 kHze1 MHz in small insert are associated with the resonant and antiresonant frequencies).

4.2. Raman analysis
From the crystallography point of view, the compound and its
isomorphs have comparable lattice parameters and vibration
spectra, where the lattice dynamics possess many common characteristics [38,39]. In this work, the Raman spectra were used to

Fig. 3. The frequency dependent behaviour of relative dielectric permittivity for the
annealed YCOB crystal with different thermal treatment times in air (the abnormal
peaks over the range of 400 kHze1 MHz in small insert are associated with the resonant and anti-resonant frequencies).

Fig. 5. Raman spectra of YCOB samples measured at room temperature. The black line
in black is the Ra-man spectrum of pristine YCOB sample and red line in red is the
spectrum of the YCOB sample suffered from after annealing at 1100  C (1100  C and
2  105 atm for 24 h).

study the microstructure variation of YCOB crystals annealed under
critical conditions. Fig. 5 presents the un-polarised Raman spectra
of the Y-cut YCOB crystal annealed at 1100  C and low oxygen
partial pressure of 4  106 atm for 24 h, together with the pristine
sample for comparison. The Raman peaks of the annealed sample
(1100  C) shift slightly toward the red region by ~2 cm1 (red line in
Fig. 5) and the intensities of Raman peaks decrease over the tested
wave-number range of 150e700 cm1, especially at 180 cm1,
247 cm1 and 338 cm1 (marked by blue ellipses). The red shift in
Raman spectra usually corresponds to the decrease of chemical
bonding strength [27,40,41]. According to the structure of YCOB
crystal, the average bond length in Ca1-O polyhedron is longer than
that in Ca2-O polyhedron, indicating the average chemical bonding
strength of Ca1-O polyhedron is weaker than that in the Ca2-O
polyhedron. From this point of view, the Raman peaks at 130 cm1
and 180 cm1 should be assigned to the Ca1-O and Ca2-O polyhedron, respectively. Therefore, it is reasonable to conclude that the
decreased intensities in Raman peaks around 180 cm1, 247 cm1
and 338 cm1 for the annealed sample are associated with the
weakened chemical bonding strength of Ca-O in Ca2-O polyhedron,
B-O in B-O triangle and the Y-O in Y-O polyhedron during the
annealing process, respectively.

S. Tian et al. / Journal of Materiomics 5 (2019) 363e371
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4.3. XPS analysis
The binding energy (BE) difference ΔBE(O-M)¼BE(O1s)-BE(M),
where M is a representative metal core level) is an important
parameter to evaluate the chemical bonding characterization. It has
successful applications on many cations in oxide crystals [42e44]. It
is known that when a M-O bond formed, it is difﬁcult to loss an
electron from the metal atom since the valance electron density of
the metal atom would shift toward oxygen atom. In addition, the
binding energy of the metal atom would increase [45,46]. Consequently, when the chemical bond (M-O) gets stronger, the binding
energy of metal would increase, while the binding energy of O 1s
would decrease. As a result, the value of ΔBE(O-M) would decrease.
In contrast, lower binding energy of M and higher binding energy of
O 1s contribute to a higher ΔBE(O-M) value, with the M-O chemical
bonding strength decreasing. Though the X-ray photoelectron
spectra (XPS) tests give the information of crystal surface with
depth below 10nm, it directly reﬂects the variations of electric
structure of the YCOB crystals before and after annealing. Figs. 6
and 7 present the X-ray photoelectron spectra (XPS) results of B
1s, O 1s, Ca 2p, and Y 3d for the annealed YCOB crystals (1100  C and
low oxygen partial pressure of 4  106 atm for 24 h), together with
the pristine and thermal treated (800 oC in air for 0.5 h) samples for
comparison. It was observed that the binding energies of B 1s, Ca
2p, and Y 3d show a decrease trend (0.07 eVe0.56 eV) when
compared to pristine sample (Fig. 6(a), (c) and (d)), while the
binding energy for the O 1s shown contrary trend (Fig. 6(b)),
leading to an increased ΔBE(O-M) value. According to chemical
bonding analysis above, we can conclude that the chemical bonding
strength of M-O was weakened in YCOB crystal after annealing.
It is noticed that the intensities of the XPS peaks for all the
elements are decreased after annealing, indicating that all the
atoms could escape from the YCOB crystal under critical conditions. Meanwhile, the binding energies of the B 1s, Ca 2p, and Y 3d

Fig. 7. The variations of area percentages of the atoms (O, Y, B, and Ca atoms) upon
pristine, annealed and thermal treated (thermal treated at 800  C in air for 0.5 h)
measured by XPS. The small inset gives the variation of binding energies for different
atoms.

for the annealed YCOB crystal were also found to exhibit a
decreasing trend. However, these values were increased after
further thermal treatment in air (800 oC for 0.5 h), showing a
recovered behavior. Similar tendency was also observed in the
variations of area percentages of the XPS peaks. The area percentages of the O, B, Y and Ca atoms for the pristine YCOB crystal
were 54.76%, 16.11%, 6.74% and 22.39%, respectively, shifted to
49.33%, 17.55%, 7.06% and 26.06% after annealing (1100  C and a
low oxygen partial pressure of 4  106 atm for 24 h). The variations were on the order of 7.93%, 5.85%, 5.22% and 12.67%,
respectively. Interestingly, the area percentages of XPS peaks for

Fig. 6. Comparison of the X-ray photoelectron spectra for B 1s (a), O 1s (b), Ca 2p (c), and Y 3d (d) of the pristine, annealed (1100  C and low partial pressure of 4  106 atm for
24 h), and thermal treated YCOB crystals (800  C in air for 0.5 h) after annealing.

368

S. Tian et al. / Journal of Materiomics 5 (2019) 363e371

the annealed YCOB sample get compensated after thermal treatment at 800  C in air for 0.5 h, being around 57.83%, 13.40%, 7.04%
and 21.73% for the O, B, Y and Ca respectively, very close to the
pristine YCOB crystal (Fig. 7). Hence, we can conclude that the
oxygen atoms in YCOB crystal are easier to escape than other atoms
when suffering annealing in critical conditions and can be
compensated after thermal treatment in air. It is worth to mention
that the increase of area percentages for B, Y and Ca is owing to the
decrease of oxygen atoms. The evaporation of the atoms in YCOB
crystal leads to the formation of vacancy defects, especially the
oxygen vacancies [47]. From this viewpoint, the variations of
electrical resistivity and dielectric permittivity of the annealed
YCOB samples, as presented in Figs. 2e4, should be associated with
the vacancy defects under critical conditions.

5. Theoretical studies and discussion
5.1. Vacancy formation energy analysis
The formation energies of various vacancies including VO, VB,
VCa, and VY were calculated and found to be 7.41, 17.33, 21.35, and
17.07 eV respectively at the absolute temperature of 0 K. It needs to
point out that there are six kinds of oxygen atoms i.e. O1, O2, O3, O4,
O5, and O6 in YCOB crystal. The calculated vacancy formation energies for the six kinds of oxygen atoms are different, being 7.41,
6.69, 6.70, 6.86, 6.71 and 6.66 eV for O1, O2, O3, O4, O5, and O6,
respectively. For comparison, we select the largest value of 7.41 eV
as the oxygen vacancy energy in this study. It is clear that the oxygen has the lowest vacancy formation energy, indicating that the
oxygen in YCOB crystal should be easier to escape than other
constituent atoms. In contrast, the calcium vacancy has the highest
formation energy, which is triple the formation energy of VO,
indicating that calcium is the hardest element to be lost in YCOB
crystal. These results are in consistence with the area percentage
variations obtained by XPS. The negative change of oxygen area
percentage is assumed to be associated with the lower formation
energy of VO than the other vacancies.

5.2. Charges and the bond Mulliken population analysis
The charge variations of O 2p, B 2p, Y 4d, and Ca 4s were studied
to understand the range of the electronic structure variation and
the charge redistribution impacted by the oxygen vacancy in YCOB
crystal. The results of the ﬁrst principle calculation showed that the
VO mainly affected the electronic structure of the atoms around the
oxygen vacancy VO, as can be seen in Fig. 8. Around the oxygen
vacancy, the charges of B 2p, Ca 4s, and Y 4d decreased from 0.7, 1.3
and 1.32 eV to 0.23, 1.23 and 1.05 eV, after forming an oxygen vacancy. These results indicate that the electron densities of the core
atoms (B, Ca and Y) in polyhedra are increased after losing an oxygen atom, leading to the decreased binding energy values for the
YCOB samples annealed at 1100  C and low oxygen pressure
(4  106 atm) for 24 h (Fig. 6 (a), (c) and (d)). Moreover, for the
oxygen atoms connected with the B-O triangles, the charges of O2
and O3 atoms are found to increase from 0.85 ~ 0.86 to 0.83
after the formation of an oxygen vacancy at O4 site. The decrease of
electron density for oxygen atoms contributes to the increase of
binding energy for O 1s, as observed in Fig. 6(b).
The bond Mulliken population analysis is a common approach to
evaluate the chemical bonding strength. The larger bond population value usually corresponds to stronger chemical bonding
strength [48]. It is obtained from Table 1 that the average Milliken
bond population of B-O is higher than those of Y-O and Ca-O, which
means that the B-O bonds are more covalent than Y-O and Ca-O.
Therefore, the boron vacancies introduce relative deeper acceptor
level in the band gap of YCOB. On the contrary, the chemical bonds
of Ca-O and Y-O are more ionicity compared to B-O bonds, and the
corresponding vacancies could introduce shallow acceptor levels,
as shown in Fig. 9. Considering that the formation of oxygen vacancy mainly leads to the local structural distortion, the bond
Mulliken populations and the bond angles around the oxygen vacancy were calculated to study the variations of chemical bonding
strength after the formation of oxygen vacancy. Relevant results are
summarized and Table 1. It is found that the Y-O, Ca-O, and B-O
polyhedrons become distorted after forming an oxygen vacancy.
The average bond length and the chemical bond angles in M-O (M:

Fig. 8. Comparison of the atomic charges in YCOB crystals before (a) and after (b) losing an oxygen atom (the black ball indicates the oxygen vacancy).
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conditions.
5.3. Effects of oxygen vacancy on electrical resistivity
The XPS results prove that all kinds of atoms would escape from
the YCOB crystal and form vacancy defects (including oxygen,
borate, calcium, and yttrium vacancies) under the critical conditions (high-temperature and low oxygen partial pressure). The
possible vacancy defects formed in YCOB crystal are presented in
Equations (6)e(9).
000

YY /V Y þ 3h þ Y

(6)

000

BB /V B þ 3h þ B

(7)

00

CaCa /V Ca þ 2h þ Ca

(8)

1
0
OO /V 
O þ 2e þ O2 [
2

(9)

The borate, calcium, and yttrium vacancies would bind three,
two, and three hole carriers (h ) nearby, respectively, introducing
acceptor levels above the valence band maximum of YCOB crystal,
as shown in Fig. 9. These acceptor levels will lead to the combination of the electrons and holes, positively impact the conductivity. The change of energy band is believed to be associated with
the variation of electrical properties of YCOB crystals. On one hand,
the oxygen vacancy would bind two electron carriers (e’) and
introduce donor levels near the conduction band minimum. These
electron carriers will be excited to the conduction band when
absorbing activation energy. Since a large number of oxygen vacancies could be formed in the YCOB crystals under critical conditions (high-temperature and low oxygen partial pressure), the
increase of electrons in the conduction band could enhance the
electrical conductivity and decrease the electrical resistivity of
YCOB crystal. On the other hand, the introduced donor levels in the
band gap will reduce the activation energy required for exciting the
electrons to the conduction band. So it is reasonable to conclude

Fig. 9. Schematic energy band with vacancy defects in YCOB crystal.

Ca, Y, and B atoms) are all changed. Besides, the chemical bonding
strength is decreased (obtained from the Mulliken population (jej)),
which is in agreement with the XPS results. The increased structure
distortion and the decreased chemical bonding strength contributed to the polarization enhancement in the annealed YCOB crystal,
accounts for the increased dielectric permittivity.
It should be noted that the ﬁrst principle calculations for YCOB
crystal were performed under conditions of 0 K and 0 GPa. The
oxygen atoms would be easier to escape than other atoms when the
crystal annealed at high-temperature of 1100  C and low oxygen
partial pressure of 4  106 atm. Therefore, the increased dielectric
permittivity of YCOB crystal is contributed to the oxygen vacancy,
which is expected to be ampliﬁed under the studied experimental

Table 1
The variations of chemical bond lengths, Mulliken bond populations, and bond angles in YCOB crystals before and after oxygen vacancy formation.
Chemical bonds

Pristine YCOB

YCOB with oxygen vacancies

Bond Length(Å)

Mulliken
Population (jej )

Angles ( )

Bond Length(Å)

Mulliken
Population (jej )

Angles ( )

Ca-O1
Ca-O4
Ca-O10
Ca-O11
Ca-O12
Ca-O13
:O10-Ca-O12

2.417
2.298
2.324
2.303
2.437
2.549
/

0.08
0.10
0.09
0.11
0.13
0.03
/

/
/
/
/
/
/
88.084

2.453
/
2.298
2.29
2.402
2.523
/

0.06
/
0.09
0.10
0.14
0.03
/

/
/
/
/
/
/
88.364

B-O2
B-O3
B-O4

1.369
1.371
1.386

0.82
0.81
0.78

/
/
/

1.364
1.365
/

0.72
0.76
/

/
/
/

Y-O4
Y-O5
Y-O6
Y-O7
Y-O8
Y-O9
:O7-Y-O5
:O7-Y-O8
:O7-Y-O9
:O5-Y-O6

2.326
2.188
2.213
2.345
2.296
2.326
/
/
/
/

0.26
0.48
0.46
0.28
0.27
0.26
/
/
/
/

/
/
/
/
/
/
96.769
76.875
76.875
104.369

/
2.223
2.239
2.389
2.974
2.348
/
/
/
/

/
0.45
0.43
0.28
0.28
0.25
/
/
/
/

/
/
/
/
/
/
104.369
82.354
97.567
96.769
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that the decreased electrical resistivity for the annealed YCOB
crystal is mainly attributed to the formation of oxygen vacancies,
and the recoverable electrical properties are associated with the
oxygen vacancy variations at elevated temperatures in air.
6. Conclusions
The stability of electrical properties of YCOB crystal annealed
under combined critical conditions (high-temperatures of
900e1100  C and low oxygen partial pressure of 4  106 atm) was
studied. The electrical resistivity of YCOB crystal shows a slight
decrease after annealing, being shifted from 5  107 U$cm (pristine
sample) to 2  107 U$cm (annealed sample) at 850  C. In contrast,
the relative dielectric permittivity shows an increase after annealing, which is associated with vacancy defects formed in the
annealed YCOB crystal. Theoretical studies indicate that the oxygen
atom is relative easier to escape during annealing when compared
to other constituent atoms in YCOB crystal due to the lowest defect
formation energy. The formation of oxygen vacancies decreases the
chemical bonding strength (M-O) and provides extra donor levels
near the conduction band, leading to the increased dielectric
permittivity and decreased electrical resistivity for the annealed
YCOB crystal. The recoverable electrical resistvity and dielectric
permittivity of the YCOB crystal after thermal treatment are related
to the variation of oxygen vacancy defects.
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